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Selected Reading The convergence of structural biology and mutational/
biophysical analyses has again been elegantly played
Burnett, P.E., Blackshaw, S., Lai, M.M., Qureshi, I.A., Burnett, A.F., out in two papers published in last month's issues of
Sabatini, D.M., and Snyder, S.H. (1998). Proc. Natl. Acad. Sci. USA
Nature and Neuron, illuminating structure/function rela-95, 8351±8356.
tionships of glutamate-gated ion channels. Progress to-Crino, P.B., and Eberwine, J. (1996). Neuron 17, 1173±1187.
ward this goal began almost a decade ago when a num-Crino, P., Khodakhah, K., Becker, K., Ginsberg, S., Hemby, S., and
ber of the glutamate receptors were characterized byEberwine, J. (1998). Proc. Natl. Acad. Sci. USA 95, 2313±2318.
cloning (reviewed by Green et al., 1998). Sequence com-de Moor, C.H., and Richter, J.D. (1997). Mol. Cell. Biol. 17, 6419±
parisons revealed that the mammalian glutamate-gated6426.
ion channels have regions of weak sequence similarityFrey, U., and Morris, R.G.M. (1997). Nature 385, 533±536.
with the bacterial periplasmic amino acid binding pro-Hake, L.E., Mendez, R., and Richter, J.D. (1998). Mol. Cell. Biol. 18,
685±693. teins (QBP; Nakanishi et al., 1990). Fortuitously, the
structures of QBP had already been solved and wereKuge, H., and Richter, J.D. (1995). EMBO J. 14, 6301±6310.
known to include two lobes separated by a cleft. TheseLyford, G.L., Yamagata, K., Kaufmann, W.E., Barnes, C.A., Sanders,
L.K., Copeland, N.G., Gilbert, D.J., Jenkins, N.A., Lanahan, A.A., and structures provided insight into the mechanism of ligand
Worley, P.F. (1995). Neuron 14, 433±445. binding and suggested a ªvenus fly-trapº model in which
Ouyang, Y., Kantor, D., Harris, K.M., Schuman, E.M., and Kennedy, glutamine binds and induces closure of the binding site
M.B. (1997). J. Neurosci. 17, 5416±5427. around itself. Assuming that these regions of sequence
Steward, O. (1997). Neuron 18, 9±12. similarity maintain their structural relationships to one
Steward, O., Wallace, C.S., Lyford, G.L., and Worley, P.F. (1998). another in the glutamate-gated ion channels, the predic-
Neuron 21, 741±751. tion is that the conserved domains would traverse two
Wu, L., Wells, D., Tay, J., Mendis, D., Abbott, M.-A., Barnitt, A., noncontiguous regions, with the first conserved domain
Quinlan, E., Heynen, A., Fallon, J.R., and Richter, J.D. (1998). Neuron
(S1) positioned just before the first membrane-spanning21, this issue, 1129±1139.
domain (TM1) and the second conserved domain (S2)
between TM3 and TM4.
A second important step in understanding the struc-
ture/function relationship of ligand-gated ion channels
came from a tour-de-force study by Stern-Bach et al.Crystal Clear Structure/Function (1994), in which they systematically swapped the con-
served S1 and S2 domains between the AMPA receptorRelationships for GluRs
subunit GluR3 and the kainate receptor subunit GluR6.
The beauty of this type of approach is that the sophisti-
cated means of measuring and characterizing the kinet-For decades, the ion channel biophysics community has
ics, voltage dependence, and pharmacological responsesbeen probing the structure of ion channels with cryo-
of the GluR3 and GluR6 subunits provides the ground-electron microscopy, scanning cysteine mutatgenesis,
work for relating specific protein domains to specificand domain swapping (reviewed by Armstrong and Hille,
functional properties at the level of a single channel1998; Colqhoun and Sakmann, 1998; Green et al., 1998).
molecule. For example, Stern-Bach et al. (1994) demon-What set them apart from those studying the structure/
strated that only by exchanging both the S1 and S2function of molecules such as enzymes was their unique
domains could the distinct pharmacological profile ofability to examine the functional properties of single
the recipient be converted to that of the donor. Basedion channel molecules. With the publication of a set
on this work, subsequent studies demonstrated thatof papers in Science from the MacKinnon lab about 8
constructs containing the (AMPA) GluR2 S1 and S2 do-months ago, the eyes of the ion channel community
mains (joined by a short linker) and the (AMPA) GluR4feasted on the first high resolution images of the crystal
S1 and S2 domains could be expressed in insect andstructure of an ion channel, the K1-selective ion channel
bacterial cells and were capable of binding agonist withfor Streptomyces levidans (KcsA). Doyle et al. (1998)
affinities expected for activation of the native receptorsgave us insights into the dimensions of the selectivity
(Arvola and Keinanen, 1996). The reductionist approachfilter; i.e., how this channel protein permits larger K1
of these papers set the stage for the work featured inions but not smaller, equally charged Na1 ions through.
the two recent papers.These images also allowed us to actually see how many
In an elegant study published last month, the GouauxK1 ions can crowd into the filter and whether they move
laboratory (Armstrong et al., 1998) has solved the struc-through individually or en masse. Equally amazing as
ture of the rat GluR2 S1±S2 alternatively spliced ªflopºthe KcsA structure was the realization that an extremely
isoform (one of two splice variations that produces dif-accurate and precise model of K1 channel structure
ferences in response to agonist) bound to the glutamatehad been derived from biophysical experiments. This
analog, kainate (KA), to a resolution of 1.9 AÊ . Despiteconcordancy of structural and biophysically derived
the meager primary sequence similarity between GluR2models adds validity to the continued use of combined
S1±S2 domains and QBP, the bilobed structure thatmutational and single channel analyses for channels
emerges has a striking resemblance to that of QBP. Notwhose structures have yet to be revealed from their
only are the overall dimensions of the two structurescrystals. Last but not least, the crystal structure of the
very similar, but also the ligands bind in equivalent do-bacterial K1 channel revealed a remarkable conserva-
mains. In the Gouaux GluR2 crystal structure (see fig-tion of K1 channel structure from prokaryotes to eukary-
ure), KA binds in a crevice that forms between the S1otes, despite the divergence in primary amino acid se-
quence (MacKinnon et al., 1998). and S2 domains and that is made up of four a helicies
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Structure of Rat GluR2 S1-S2 ``Flop'' Isoform
Bound to Kainate (courtesy of Eric Gouaux)
(D, F, H, and I). Three of these helices contain a KA- agonist binding is coupled to both channel activation
interacting residue (F, H, and I) and one (D) provides a and desensitization, this study demonstrates that the
connection between S1 and S2. The upper bound of the conformational changes that underlie these two proper-
interdomain crevice that holds the KA molecule contains ties can be separated. Mutation of L507 (residue in the
a tyrosine residue whose isopropenyl group projects upper bound of the interdomain crevice, L483 in figure)
into the crevice below and serves as an upper bound in GluR3 or GluR1 (but not the homologous residue in
for the ligand molecule. GluR6) to Y is sufficient to abolish desensitization with-
The positioning of KA within the S1±S2 crystal allows out affecting other channel properties, like activation.
Gouaux et al. to make three important conclusions. The As the authors point out, this leucine is flanked closely
first of these concerns the effect of KA binding on the by two residues (T504 and R509), which in the Gouaux
conformation of the binding site. By comparison to the structure form contacts with KA, suggesting that the
crystal structure of QBP in the open unbound state structural element that contains these residues couples
(Hsiao et al., 1996), and in a closed conformation (i.e., agonist binding to desensitization. In the crystal struc-
complexed with glutamine; Sun et al., 1998), Gouaux et ture (Armstrong et al., 1998), this leucine is disordered
al. conclude that the binding of KA to the GluR2 S1±S2 (i.e., points off into the solution; E. Gouaux, personal
domains results in an intermediate degree of interdo- communication) though the flanking residues are well
main interaction, referred to as ªclosure.º Armstrong et defined (see figure). Could this leucine residue form part
al. (1998) go on to predict that the intermediate degree of an interaction surface for interdomain or intersubunit
of closure of the glutamate receptor ligand-binding core contacts that are necessary to drive the receptor into
complexed with KA represents the conducting state of the desensitized state? Future mutagenesis studies to
the intact, ligand-bound channel. Given that this paper look for second site suppressors of this interesting mu-
reports the first high resolution structure of a ligand- tation, which restore desensitization, will provide us with
gated channel agonist binding core, the authors deserve additional insights into other domains required for de-
some latitude. Their prediction would have been made sensitization. These studies will now be aided by the
more compelling by the comparison of GluR2 S1±S2 crystal structure of the glutamate receptor ligand-bind-
structures in the presence and absence of ligand, and ing core.
one should not forget that the channel domain may also
contribute to the state of the ligand-binding core. In
Gregory Gasicaddition, it cannot be excluded that the authors have
Neuronsolved the structure of GluR2 S1±S2 in a high affinity
ªdesensitizedº state, as homomeric GluR2 channels show
Selected Readingsome desensitization when perfused with KA (M. Holl-
mann, personal communication). Second, this paper
Armstrong, C.M., and Hille, B. (1998). Neuron 20, 371±380.
shows that the agonist selectivity and dynamics of chan-
Armstrong, N., Sun, Y., Chen, G-Q., and Gouaux, E. (1998). Nature,
nel gating are determined, to a certain degree, by the in press.
residues that make interdomain contacts. The picture
Arvola, M., and Keinanen, K. (1996). J. Biol. Chem. 271, 15527±
may therefore change somewhat in the face of a full 15532.
subunit structure. Finally, the exposed face of helix J Colquhoun, D., and Sakmann, B. (1998). Neuron 20, 381±387.
may serve as a binding surface for allosteric modifiers.
Doyle, D.A., Cabral, J.M., Pfuetzner, R.A., Kuo, A., Gulbis, J.M.,
The prediction that ªAMPA and glutamate may allow a Cohen, S.L., Chait, B.T., and MacKinnon, R. (1998). Science 280,
greater degree of domain closure than KAº will be tested 69±77.
by the resolution of additional crystal structures. Green, T., Heinemann, S.F., and Gusella, J.F. (1998). Neuron 20,
The paper by Stern-Bach et al. (1998) in this issue of 427±444.
Neuron uses functional analyses to make inferences Hsiao, C.D., Sun, Y.J., Rose, J., and Wang, B.C. (1996). J. Mol. Biol.
about the structural mechanisms by which agonist bind- 262, 225±242.
ing to glutamate receptors is transduced to cause chan- MacKinnon, R., Cohen, S.L., Kuo, A., Lee, A., and Chait, B. (1998).
Science 280, 69±77.nel activation and desensitization. Despite the fact that
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Nakanishi, N., Schneider, N.A., and Axel, R. (1990). Neuron 5, the glutamate-activated current allows a direct view of
569±581. the kinetics of glutamate release during the presynaptic
Stern-Bach, Y., Bettler, B., Hartley, M., Sheppard, P.O., O'Hara, P.J., depolarization. Two components of release were ob-
and Heinemann, S.F. (1994). Neuron 13, 1345±1357. served. The first component activated in less than 1 ms
Stern-Bach, Y., Russo, S., Neuman, M., and Rosenmund, C. (1998). after onset of depolarization and was exhausted in less
Neuron 21, 907±918.
than 10 ms. This component matches well with the ul-
Sun, Y.J., Rose, J., Wang, B.C., and Hsiao, C.D. (1998). J. Mol. Biol.
trafast component of exocytosis described in capaci-278, 219±229.
tance measurements by Mennerick and Matthews (1996),
which was interpreted to represent vesicles docked at
the plasma membrane. After a delay that depended on
the magnitude of the calcium current, the fast compo-
nent was followed by a second, slower wave of gluta-A Lie Detector Test for Presynaptic mate release. This second component represents re-
cruitment of a reserve poolÐpossibly the population ofCapacitance Measurements
vesicles tethered to synaptic ribbons (von Gersdorff et
al., 1996). The reserve was depleted within a few hun-
Measurements of membrane capacitance are a main- dred milliseconds during weak depolarizations that did
stay of studies of exocytosis in single cells. However, not strongly activate calcium channels. With strong de-
capacitance reflects both addition and retrieval of mem- polarization, the two components merged into a single
brane, and an increase in capacitance can be taken as transient burst of glutamate release that decayed to
an index of the amount of release only if exocytosis and baseline within 100 ms during sustained depolarization,
endocytosis do not overlap in time. Because of this even though presynaptic calcium influx continued un-
potential problem, workers in the field have long ap- abated.
preciated the need for an independent index of the re- One interesting remaining question is how the results
lease of secreted substances, in parallel with capaci- from capacitance measurementsÐand now from gluta-
tance measurements. For cells that release oxidizable mate releaseÐcan be reconciled with the very different
substances such as norepinephrine, electrochemical conclusions reached from studies of uptake of the fluo-
detection of the released molecules is commonly used rescent membrane dye FM1-43 in retinal bipolar cells.
for this purpose (e.g., Albillos et al., 1997). For nonoxidiz- On the one hand, capacitance and glutamate release
able neurotransmitters such as glutamate, however, measurements demonstrate rapid fusion of a limited
some other detection scheme is needed. In a paper pool of vesicles, driven by microdomain levels of calcium
published in this issue of Neuron, von Gersdorff and (Heidelberger et al., 1994). On the other hand, uptake
colleagues (1998) have met this need, by using gluta- of FM1-43 was interpreted to indicate continuous exo-
mate receptors of a ªpostsynapticº detector cell to de- cytosis for minutes of a very large population of synaptic
termine whether presynaptic capacitance changes tell
vesicles, driven by submicromolar calcium (Lagnado et
the truth about glutamate release from the terminal.
al., 1996; see also Rouze and Schwartz, 1998). The ex-
In a series of elegant and technically demanding ex-
periments of von Gersdorff and colleagues leave littleperiments, von Gersdorff et al. patch clamped single
doubt that capacitance measurements indeed give anglutaminergic synaptic terminals of retinal bipolar neu-
accurate indication of glutamate release. However, onerons, a ribbon-type synapse that allows presynaptic ca-
possibility is that both views are correct, and the muchpacitance measurements (von Gersdorff and Matthews,
longer time scale of the dye experiments reveals a com-1994). Simultaneously, they used current through AMPA
ponent of continuous release that would be difficult toreceptors of a closely apposed retinal horizontal cell to
detect with glutamate-activated currents. It seems un-detect glutamate released from the bipolar cell terminal,
likely that the copious release estimated by Lagnado etafter treating the AMPA receptors with cyclothiazide to
al. (up to 3800 vesicles per second for periods of min-prevent desensitization and ensure temporal fidelity of
utes) could have been missed, but longer-duration de-the glutamate response. They found that over a wide
polarizations need to be tested in the glutamate releaserange of conditions, capacitance changes and gluta-
experiments. AMPA responses did show some asynchro-mate release match remarkably well. In keeping with
nous glutamate release continuing for about 300 msthe view developed from previous capacitance work,
after termination of strong depolarization, suggestingglutamate release activated rapidly upon opening cal-
that even more continuing release might occur aftercium channels and terminated rapidly upon closing the
long-duration stimuli that elevate global calcium to suffi-channels. Thus, exocytosis in bipolar cell terminals does
ciently high levels in the terminal. Recent work on uptakenot overlap appreciably with endocytosis, which takes
of FM dyes also suggests that both continuous andplace on a much slower time scale. Depolarization
transient exocytosis coexist in bipolar cell terminalstapped a limited pool of glutamate that was exhausted
(Rouze and Schwartz, 1998).within a few hundred ms or less, depending on the mag-
Another possible explanation for continuous FM1-43nitude of the calcium current. After the pool was de-
uptake in bipolar cell terminals is that the dye uptakepleted, complete recovery of glutamate release required
may be unrelated to neurotransmitter release and per-20±30 s. Again, these conclusions from direct measure-
haps reflects other forms of membrane turnover, suchment of glutamate release agree quantitatively with prior
as the remodeling of the terminal that is known to occurconclusions based on capacitance measurements.
during the light/dark cycle in the intact retina (YazullaA major advantage of the approach taken by von Gers-
dorff et al. is that, unlike capacitance measurements, and Studholme, 1992). Finally, the possibility should be
